Simulations of the 100kW TJNAF FEL using a short Rayleigh length by Blau, J. et al.
Calhoun: The NPS Institutional Archive
Faculty and Researcher Publications Faculty and Researcher Publications
2002
Simulations of the 100kW TJNAF FEL
using a short Rayleigh length
Blau, J.
Nuclear Instruments and Methods in Physics Research A, Volume 483, (2002), pp. 142â  145
http://hdl.handle.net/10945/44074
Nuclear Instruments and Methods in Physics Research A 483 (2002) 142–145
Simulations of the 100 kW TJNAF FEL using a short
Rayleigh length
J. Blaua, T. Campbella, W.B. Colsona,*, I. Nga, W. Ossenforta, S.V. Bensonb,
G.R. Neilb, M.D. Shinnb
aPhysics Department, Naval Postgraduate School, 833 Dyer road, Monterey, CA 93943, USA
bFree Electron Laser Department, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
Abstract
The TJNAF FEL can be upgraded to operate at 100 kW average power and then explore the use of a short Rayleigh
length in order to reduce the power density on the resonator mirrors. The short Rayleigh length can only work with a
relatively short undulator. Multimode simulations are used to self-consistently model the optical mode interaction with
the electron beam. The steady-state resonator mode is affected by the complex, non-linear electron beam evolution as




The Thomas Jefferson National Accelerator
Facility (TJNAF) may be able to modify their
free-electron laser (FEL) [1,2] to an increased
power output of 100 kW. The changes will involve
increasing the electron beam energy to
Ee ¼ 210MeV with a pulse repetition rate of
O ¼ 750MHz while maintaining a peak current
of I ¼ 270A in an electron pulse length of
le ¼ 0:1mm. The resulting electron beam power
is Pe ¼ 14MW in an electron beam radius of
re ¼ 0:3mm. An extraction efficiency of ZE0:7%
is needed to reach the 100 kW optical output.
Energy spread and emittance cause only small
degradation of the weak field gain and steady-state
power. The undulator wavelength is l0 ¼ 8 cm
with N ¼ 36 periods and an rms undulator
parameter of K ¼ 1:7: This will result in a
radiation wavelength lE1 mm in an optical reso-
nator S ¼ 32m long with an output coupling of
21% corresponding to resonator quality factor
Q ¼ 4:2:
Dimensionless parameters are used to describe
the physics of the FEL design. The electron pulse
length le is three times the slippage distance Nl so
that short-pulse effects are minimal, although
present. The dimensionless current density at the
peak of the electron pulse is j ¼ 8NðepKLÞ2r=
g3mc2 ¼ 40; where N is the number of undulator
periods, e is the electron charge, L is the undulator
length, r is the electron density, g is the Lorentz
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factor, m is the mass of the electron and c is the
speed of light. The dimensionless optical field
amplitude is jaj ¼ 4pNeKLE=g2mc2 where E is the
electric field of the optical mode. The Rayleigh
length is defined as Z0 ¼ pw20=l where w0 is the
radius of the mode waist and the normalized
Rayleigh length is z0 ¼ Z0=L. The dimensionless
optical beam width w ¼ ½z0 þ ðt 1=2Þ
2=z01=2
where t ¼ z=L is the dimensionless position along
the z-axis, shows that lower values of Rayleigh
length z0 would produce a larger spot size at the
mirrors. A short Rayleigh length gives a small
mode waist where the optical amplitude will be
much larger than at the mirrors. Fig. 1 shows the
shape of the optical mode and the power density
on the mirrors for Rayleigh length z0 ¼ 0:1 to 0.5.
Reducing the Rayleigh length from z0 ¼ 0:3 to 0.1
reduces the power density on the mirrors by
300% [3].
2. Transverse mode effects
Fig. 2 presents a three-dimensional simulation
of the proposed laser in x; y and tU The upper-
right table presents the dimensionless parameters
describing the 100 kW design, along with the gray
scale for the intensity plots of the optical
amplitude jaj: Transverse dimensions are normal-
ized to Ll=p
 1=2
; and the longitudinal dimensions
are normalized to the undulator length L: The
dimensionless electron beam radius is sx;y ¼ 0:2 in
the x and y dimensions. The betatron oscillation
frequency is ob ¼ 1 over the undulator length with
the electron beam focused in the middle of the
undulator at tb ¼ 0:5: The beam’s angular spread
syx; y ¼ 0:04 is determined by the matching re-
quirement syx; y ¼ o2bs
2
x; y: With constant emit-
tance, the results were comparable. The mirror
radius is rm ¼ 7:2; while the mirror curvature is
rc ¼ 1:5 yielding a normalized Rayleigh length
z0 ¼ 0:1: The quality factor Q ¼ 4:2 corresponds
to an approximate 21% mirror transmission, and
edge losses around the mirrors are 1% per pass
(e ¼ 0:01).
The top-left plot, jaðx; nÞj; presents the develop-
ment of a slice through the optical mode over n ¼
64 passes showing how steady state develops. The
top-center plot, jaðx; yÞj; presents the final optical
wavefront at the undulator exit t ¼ 1 showing the
electron beam centered in the mode. The center
plot, jaðx; tÞj; shows a section through the optical
wavefront during the final pass. The mirror
separation was shortened to three times the
undulator length instead of 11 times the undulator
for numerical convenience. The additional reso-
nator length does not contribute to the optical field
and is neglected in the simulations. The bottom-
left plot, f ðn; nÞ; shows the development of the
electron phase velocity distribution, and next to it
is the final electron phase space plot showing a
spread of Dn ¼ 30; corresponding to energy spread
Dg=g ¼ 6:5% and efficiency Z ¼ 1:6%: In the
bottom-right is the development of optical power
PðnÞ and gain GðnÞ:
3. Weak field gain
Simulations were conducted to estimate the
weak field gain for the proposed parameters. The
normalized Rayleigh length was varied from z0 ¼
0:1 to 0.5. For each z0; the phase velocity was
varied from n0 ¼ 3 to 15 to determine the
optimum. For each value of z0; the peak gain in
weak fields (jajop) was plotted for values of sx ¼
0:1 to 0.5 in Fig. 3. In each case, the optimum
phase velocity was found to be n0E4: The
maximum gain of 9.4 was obtained with a small






















z O =0.5, I = 250 kW/cm2
z O =0.4, I =  200 kW/cm2
z O =0.3, I  = 160 kW/cm2
z O =0.2, I  = 100 kW/cm2
z O =0.1, I  = 52 kW/cm2
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τ
Fig. 1. Optical mode shapes for various Rayleigh lengths. By
reducing z0 from 0.3 to 0.1, a 300% reduction in intensity is
experienced at the mirrors.
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length z0 ¼ 0:1: As the electron beam radius sx
was increased, gain decreased for all values of z0.
Lower values of z0 produced higher values of gain
at each sx: This result contradicts basic FEL
theory [4], where the maximum gain occurs when
the electron beam size is only slightly smaller than
the optical mode, which corresponds to z0 ¼ 0:3: It
appears that a short Rayleigh length and corre-
spondingly smaller electron beam provides a
higher beam density to amplify the optical mode,
which enhances the gain. In some cases, the larger
electron beam is outside the optical mode, which
would reduce the gain. The current density is too
small for optical guiding [4], however the weak
field simulation results show significant mode
distortion, which could enhance the gain. With
larger electron beams, there is less optical mode
distortion.
4. Steady-state power
Simulations were run until steady-state power
was obtained for values of normalized Rayleigh
length z0 ¼ 0:1 to 0.5 and electron beam radius
sx; y ¼ 0:1 to 0.5. At each value of z0 and sx; y; the
phase velocity was varied from n0 ¼ 1 to 14. The
highest peak power for each value of z0 was
selected, and the extraction efficiency Z at that
power was then plotted against sx (Fig. 4). The
results show that a smaller electron beam enhances
Fig. 2. Three-dimensional simulation in x; y and t; for z0 ¼ 0:1; n0 ¼ 10; sx; y ¼ 0:1: A small beam size implies a possible mode
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Fig. 3. Weak field gain vs. electron beam radius for optimum
n0: Small electron beam radius and small Rayleigh length was
found to be beneficial. A larger electron beam is outside the
optical mode thus reducing gain.
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efficiency. It was also found that for short
Rayleigh lengths, the optimum phase velocity n0
increases, but good efficiency is maintained.
Maximum efficiency was 2% with z0 ¼ 0:3; sx; y ¼
0:1 and n0 ¼ 11: For a small electron beam size
sx; y ¼ 0:1 and small Rayleigh length z0 ¼ 0:1; we
observed multiple optical modes with power
oscillating by as much as 20%. However, these
multimodes could be suppressed with larger
electron beams. Multimodes seem to develop
higher power and efficiency.
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Fig. 4. Efficiency vs. electron beam radius at optimum electron
beam phase velocity n0:
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